Objective: The objective of this study was to explore the clinical effects of low-dose splenic irradiation on locally advanced non-small-cell lung cancer (NSCLC) patients. Methods: Thirty-eight patients with stage III NSCLC were randomly divided into a control group and a combined treatment group. The control group only received chest three-dimensional conformal radiotherapy, while the combined treatment group received low-dose splenic irradiation followed by chest three-dimensional conformal radiotherapy after 6 hours. T lymphocyte subsets of the blood cells were tested before, during, and after treatment once a week. The side effects induced by radiation were observed, and a follow-up was done to observe the survival statistics.
Introduction
In terms of the biological effects of radiation on human beings, the majority of researchers support the notion of linear on threshold that all dose levels of radiation are harmful when given for many years. However, Luckey stated in the 1980s that lowdose radiation (LDR) could induce positive responses in human beings. 1 The United Nations Scientific Committee on the Effects of Atomic Radiation formulated in 1986 submit your manuscript | www.dovepress.com
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Yu et al that the LDR refers to a dose rate that is 0.05 mGy/min of irradiation, which is a low-linear energy transfer radiation within 0.2 Gy or a high-linear energy transfer radiation within 0.05 Gy. 2 Since then, the research and epidemiological surveys on the biological effects of LDR have become more common. In recent years, studies have revealed that LDR is beneficial to human beings. It can promote growth, enhance immunity, improve one's adaptive capacity, and accelerate the repair of damage. [3] [4] [5] [6] [7] Studies have also demonstrated that LDR can improve the individuals' ability to defend against tumors and can alleviate the side effects of chemotherapy and radiotherapy. [8] [9] [10] The hormesis and adaptive responses induced by LDR are now widely accepted by more and more researchers. Although its concrete mechanism needs to be explored further, researchers have known that one of the most important pathways is to activate the immune system.
As we know, the immune system plays an important role in the emergence and progress of malignant tumors. The spleen is the largest immune organ in the human body, where many lymphocytes live and many important immune reactions take place. Experiments have proven that LDR can have beneficial effects on the human immune system when the spleen receives the irradiation. [11] [12] [13] LDR can boost the functions of the spleen cells. It can stimulate the secretion of interleukin-2 and interferon-γ, activate natural killer cells and antigen-dependent cell-mediated cytotoxicity, and accelerate the proliferation of immune cells in the spleen. Therefore, we know that LDR can have positive effects on the human body by stimulating the functions of the spleen. However, all these results were obtained from laboratory studies, and only few clinical trials have been done. The clinical effects of LDR combined with radiotherapy deserve to be studied.
Lung cancer is still the leading cause of cancer death worldwide. Approximately 30%-40% patients with nonsmall-cell lung cancer (NSCLC) have been in stage III when they were first diagnosed. Radiotherapy combined with chemotherapy is the recommended antineoplastic protocol, but the 5-year survival rate of stage IIIA NSCLC is 15%-23%, and that of stage IIIB NSCLC is only 6%-7%; 14 obviously, it remains to be improved. Radiotherapy is an important method to improve the local control rate, and with three-dimensional conformal radiotherapy, it is possible to accurately irradiate the target area while significantly reducing the radiation dose received by the surrounding normal tissues and organs. However, the side effects of radiation, particularly the grade III or IV toxicities, still often delay treatment, which has limited the efficiency of radiotherapy. Many researchers have reported that pretreatment with LDR can induce damage resistance to the following high-dose irradiation. [15] [16] [17] The special biological effects of LDR imply that it can be a complementary pathway of existing treatment. Therefore, our research group designed this study to explore whether LDR can alleviate the degree of radiation toxicities and improve the efficacy of clinical treatments by affecting the immune system in locally advanced NSCLC patients.
Methods inclusion criteria
The inclusion criteria of the study were as follows: presence of either pathologically or cytologically confirmed, previously untreated NSCLC, at the clinical stage of IIIA or IIIB (as defined by the NSCLC staging standards of National Comprehensive Cancer Network [NCCN] 2011) or NSCLC that had recurred after surgery; age of 18-75 years; the Eastern Cooperative Oncology Group scores of 0 or 1; and an expected survival time of at least 3 months. The laboratory test results criteria were as follows: white blood cell counts of at least 3.5×10 9 /L, neutrophil counts of 1.5×10 9 /L, hemoglobin levels of at least 90 g/L, platelet counts of at least 100×10 9 /L, creatinine clearance rates of at least 50 mL/min, serum aspartate and alanine aminotransferase levels that were 2.5 times lower than the normal range, serum total bilirubin level that was 1.5 times lower than the normal range, and no presence of significant electrocardiographic abnormalities. The patients were required to follow treatment protocol and come for a follow-up visit.
exclusion criteria
Patients were excluded from the study if they were pregnant or lactating or had a planned pregnancy. Patients who suffered from active infections or severe lung disorders that affect lung function were excluded. Patients who suffered from mental illness and could not follow the trial protocol were also excluded.
This clinical trial was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University. This study was performed in accordance with the standards for human clinical trials and the principles stated in the Declaration of Helsinki (as issued in 1975 and revised in 2000). All the patients signed an informed consent form prior to enrollment. They were randomly divided into a control group (D1) and a combined treatment group (D1 + D2).
Patient assessment
Patients underwent assessment within 2 weeks prior to the treatment, including an evaluation of complete medical history, a comprehensive physical examination, thoracic and OncoTargets and Therapy 2016:9 submit your manuscript | www.dovepress.com
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effects of low-dose splenic irradiation on nsclc patients abdominal computed tomography (CT), magnetic resonance imaging of the head, an electrocardiogram, transbronchial lung biopsy or CT-guided needle biopsy or sputum cytology, routine blood testing, a comprehensive blood biochemical profile testing, and a whole-body bone scan with emission CT. The patients underwent physical examinations and a quality-of-life assessment and had routine blood testing performed each week (with an increased frequency of examinations if necessary).
Treatment
Patients in both the groups underwent three-dimensional conformal radiotherapy ( Figure 1 ). They were in the supine position with their hands folded on top of their heads. A vacuum pad was used to immobilize each patient's body position and appropriately limit respiratory motion. A chest CT that can include the spleen was performed. The image data were input into the three-dimensional treatment planning system. The Venus software package (Visual Domains Ltd., Tel Aviv, Israel) was used to design the radiotherapy plan. The full set of U.S. Varian radiotherapy equipment (Varian Medical Systems, Palo Alto, CA, US) was utilized to complete the treatment, which included a linear accelerator 23EX, a full set of carbon fiber-fixed positioning devices, an IBA radiotherapy quality control system (Ion Beam Applications S.A., LouvainLa-Neuve, Belgium), and a radiotherapy network.
The design of GTV1, CTV1, and PTV1 was done in accordance with the NCCN-recommended radiotherapy principles. The GTV1 included the lung mass and the metastatic lymph nodes in the lung window. The GTV1 of mediastinal lymph nodes were the metastatic lymph nodes that were diagnosed in CT in the mediastinal window before the treatment. We chose 6 MV X-ray irradiation to treat the patients. The dose depended on the balance of the tolerance dose of the normal organ involved and the curative dose of the tumor, which included 95% PTV1, and was 1.8-2 Gy/fraction with five fractions per week. Regarding the radiation received by vital organs, the following limiting conditions were employed: the V20 for both lungs was not 30%, 0% of the esophagus was permitted to receive 70 Gy of radiation, a maximum of 10 cm of the esophagus was permitted to receive 60 Gy of radiation, the maximum dose of the spinal cord was 45 Gy, and the V40 for the heart was not 40%. Under these constraints, the highest possible dose of radiation was applied, and the total dose was 60-74 Gy. Patients with supraclavicular lymph node metastases received mixed irradiation with X-rays and electron rays with a conventional fraction of 2 Gy/fraction, once a day, with five fractions/week, and the total dose was 50-60 Gy.
The low-dose splenic irradiation used special equipment with low-melting lead to adjust the dose rate to 1.5 cGy/min, 
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Yu et al and two wide, with or without wedge plate. GTV2-sp was defined as the anatomical boundaries of spleen. CTV2-sp was the same as GTV2-sp. CTV2-sp was enlarged 1 cm to form PTV2-sp. The dose of PTV2-sp was 7.5 cGy/fraction with two fractions per week (on Monday and Thursday) until the end of the chest three-dimensional conformal radiotherapy.
The control group (D1) only received the chest threedimensional conformal irradiation; the combined treatment group (D1 + D2) received low-dose splenic irradiation and chest three-dimensional conformal irradiation, that is, pretreatment low-dose splenic irradiation and then chest threedimensional conformal radiotherapy after 6 hours.
research indexes
The peripheral blood T lymphocyte subsets, which include numbers of CD4 + cells and CD8 + cells of all patients, were detected by flow cytometry before, during, and after treatment. The white blood cells, neutrophils, hemoglobin, and platelet counts were measured by Japan Sysmex (Sysmex Corporation, Kobe, Japan) in terms of five categories of blood cells. The toxicities induced by radiation (acute radiation pneumonia, acute radiation esophagitis, acute radiation dermatitis, gastrointestinal reactions, and bone marrow suppression) were observed.
Follow-up and statistics
All patients received a chest CT scan to evaluate the shortterm efficacy of the radiotherapy 1 month after the completion of the radiotherapy. Then, a follow-up was conducted every 2-3 months. All the statistical analyses were performed using the SPSS 19.0 biostatistical software package (IBM Corporation, Armonk, NY, USA). Only the first treatment failure was taken into account. The dependency of the shortterm efficacy (complete response, partial response, stable disease, and progressive disease) was determined according to the standard Response Evaluation Criteria in Solid Tumors (version 1.1). Progression-free survival (PFS) was defined as survival without local recurrence or distant metastases. The survival data were evaluated using the Kaplan-Meier method. The survival time was measured from the initiation of the radiotherapy until death due to any cause or the subsequent follow-up event.
Results
Patient characteristics
Thirty-eight patients in the Tumor Radiotherapy Center of our hospital (The Affiliated Hospital of Medical College, Qingdao University, People's Republic of China) with pathologically or cytologically confirmed NSCLC were enrolled in this trial from July 2011 to July 2013. The general characteristics of these patients are provided in Table 1 . The median age was 60 years in the combined treatment group vs 63 years in the control group, and the Eastern Cooperative Oncology Group score was not 1 in both the groups. The sample included 13 cases of squamous cell carcinoma, 17 cases of adenocarcinoma, three cases of large cell carcinoma, three cases of adenosquamous carcinoma, and two cases of undifferentiated carcinoma. There were 14 cases of stage IIIA and 24 cases of stage IIIB (including three cases of supraclavicular lymph node metastasis) among patients with previously untreated NSCLC.
T lymphocyte subsets
The ratio differences in CD4
+ cells, CD8 + cells, and CD4
+ before and after treatment were not statistically significant (P0.05) in both the groups. The immune indexes were also not statistically significant (P0.05) before and after radiotherapy in the combined treatment group. However, in the control group, they were statistically significant (P0.05) before and after radiotherapy. The numbers of CD4 + cells and CD4
+ ratios before radiotherapy were also higher than after radiotherapy in the control group (Figure 2 ).
radiation toxicities
No treatment-related death occurred in both the groups. There were no differences in the incidence of acute radiation 
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effects of low-dose splenic irradiation on nsclc patients pneumonia, acute radiation esophagitis, gastrointestinal reactions, and bone marrow suppression between the two groups. But the incidences of grade III or IV of the radiation toxicities were lower ( Table 2) . We chose acute radiation pneumonia, acute radiation esophagitis, and bone marrow suppression to observe the total dose at which these side effects first appeared. The result was that the dose at which the radiation toxicities appeared was higher in the combined treatment group than in the control group (Table 3) .
Short-term treatment efficacy
The results of the evaluations of the short-term treatment efficacy for the 38 cases were as follows: there was no complete response, the rate of partial response was 63.16% (12/19) in the combined treatment group vs 42.11% (8/19) in the control group, the rate of stable disease was 36.84% (7/19) in the combined treatment group vs 52.63% (10/19) in the control group, and the rate of progressive disease was 0% (0/19) in the combined treatment group vs 5.26% (1/19) in the control group. The total response rate was 63.16% Table 2 The side effects
Notes: D1 + D2: combined treatment group; D1: control group. Abbreviations: alT, alanine aminotransferase; asT, aspartate aminotransferase; cr, serum creatinine; Bil, bilirubin. 
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survival
The median follow-up period was 13.4 months in the combined treatment group vs 11.5 months in the control group. The median 2-year PFS was 15 months in the combined treatment group vs 10 months in the control group (P=0.254) ( Figure 3A ). The median 2-year overall survival was 17.1 months in the combined treatment group vs 15.8 months in the control group (P=0.952) ( Figure 3B ). The reasons for treatment failure were as follows: one case in the combined treatment group and two cases in the control group had a local recurrence, two cases in the combined treatment group and four cases (two cases of brain metastasis, one case of liver metastasis, one case of bone metastasis) in the control group had distant metastases, and one case in the control group died of other diseases.
Discussion
In our clinical trial, we evaluated the clinical effects of LDR in terms of the immune indexes (T lymphocyte subsets), the radiation toxicities, the short-term efficacy, and the 2-year survival data. Positive data were obtained for all of these.
In the following section, we explain these findings and their concrete mechanisms. Radiotherapy is one of the most important methods used to treat tumors, but it can also induce different degrees of immune damages. The suppression of the immune system is the main reason for tumor metastasis and treatment failure. Hashimoto et al have reported that low-dose total-body irradiation significantly decreased the incidence of lung and lymph node metastases, whereas the same dose of local irradiation had no effect on the incidence of metastasis, and the tumor tissue-infiltrating lymphocytes were significantly increased after low-dose total-body irradiation. 18 These results implied that LDR can inhibit the metastasis of malignant tumors by Notes: D1 + D2: combined treatment group; D1: control group. Data is presented as mean ± standard deviation. + lymphocytes. 19 The results of evaluation of the peripheral blood T lymphocyte subsets in our clinic trial demonstrated that LDR has positive effects on the immune functions of patients with lung cancer. In the control group, the numbers of CD4 + lymphocytes and the CD4 + /CD8 + ratios were reduced, but this was not observed in the combined treatment group. This means that LDR can reduce the suppression of the immune system caused by radiotherapy, and thus reduce the incidence of distant metastasis and improve the patients' survival rate.
Compared with the control group, the combined treatment group in our clinical trial had a lower incidence of grade III or IV radiation toxicities, and the dose at which the radiation toxicities appeared was higher. These toxicities included acute radiation pneumonia, acute radiation esophagitis, gastrointestinal reactions, and bone marrow suppression. It is worth noting that two patients in the combined treatment group received a total dose of 74 Gy without developing grade III or IV radiation toxicities. These results mean that LDR can improve the tolerance of the organ at risk. It was also known that the radiation dose depends on the tolerance dose of the organ involved in the planning target volume and the lethal dose of the tumor, and the tolerance dose of the organ involved in the planning target volume is the most important. Improving the tolerance of the organ at risk provides us with an opportunity to use higher doses to treat tumors and ensure that the treatment process goes smoothly, thus giving us more opportunities to control tumors. The concrete mechanisms behind this are probably as follows. Experiments have proven that LDR can induce the generation of colony-forming unit -granulocyte-macrophage and burstforming unit -erythroid in bone marrow and boost the secretion of granulocyte-macrophage colony-stimulating factor. 20 These were caused by the improved transcriptional level in spleen cells. Meanwhile, giving LDR before treatment can improve the normal organ's resistance to high-dose radiation. LDR can activate enzymes that assist to produce DNA and protein, thus improving the repairing ability of normal cells. 21 LDR can also improve the superoxide dismutase activity, which can oxidize free radicals and transform them into H 2 O; therefore, it can alleviate the damage caused by free radicals produced by high-dose X-rays. 22 Distant metastasis and local recurrence are the main reasons for treatment failure. The resistance of tumor hypoxic cells to radiotherapy plays an important role in the distant metastasis and local recurrence after radiotherapy. Experiments have revealed that HIF-1 is one of the hypoxic biomarkers, and LDR can decrease the expression of HIF-1 to change the hypoxic status of tumor cells. 23 The change of hypoxic status in tumor cells will improve the tumor's sensitivity to radiotherapy, thus improving the efficiency of the radiotherapy. Therefore, the total response rate was better in the combined treatment group than in the control group in our clinical trial. On the other hand, LDR can reduce the expression of matrix metalloproteinases, which can break down the extracellular matrix to inhibit the infiltration and metastasis of tumors. 24 Therefore, we had fewer cases of progression in the combined treatment group. Although the number of cases enrolled in our clinical trial was insufficient and the follow-up time was short, we still obtained better survival data, and the results also support the abovementioned views. We can see that the 2-year PFS in the combined treatment group was significantly longer than in the control group.
Conclusion
The hormesis and the adaptive response induced by LDR have been approved by researchers around the world. Although the cases in our clinical research were insufficient, and more cases and a longer follow-up time are needed, our clinical data still provide strong support for the clinical application of LDR. LDR-mediated radioadaptive response is crucial for developing potential therapeutic approaches to improve normal tissue protection in radiotherapy. LDR represents a new form of radiotherapy for treating malignant tumors. It promotes radiotherapy from a local treatment approach to a whole-body treatment approach by activating the immune system. We believe that this will be an important part of comprehensive tumor treatment in the future.
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